Optical properties of the zinc-cobalt oxide (ZnCoO) layers manufactured at different process conditions have been investigated. ZnCoO layers were grown on sapphire and glass substrates by pulsed laser deposition (PLD) technique. The influence of growth conditions as well as post-growth annealing on the films transmission and gap energy was analyzed.
Introduction
Over the last few decades, zinc oxide has been extensively investigated for its use in various industries and technologies: spintronics, laser diodes, light emitting diodes, varistors and sensors, surface acoustic wave devices and transparent electrodes for solar cells and displays [1] [2] [3] [4] [5] [6] [7] [8] .
ZnO exhibits many favourable properties, such as high chemical stability, wide band gap (above 3.3 eV), high exciton binding energy (near 60 meV), abundance in nature, and is also regarded as nontoxic, environment friendly and low cost [9] [10] [11] [12] [13] .
Several different physical and chemical methods have been used to fabricate high-quality ZnO thin films: pulsed laser deposition [12] , molecular beam epitaxy [14] , metalorganic chemical vapor deposition [15] , direct current and radio-frequency magnetron sputtering [16] , spin coating [17] , dip coating [18] , electrodeposition [19] , and spray pyrolysis [20] .
Doping non-magnetic semiconductors with transition metals (e.g. Co or other ions such as Ti, V, Cr, Mn, Fe, Ni and Cu) leads to the production of diluted magnetic semiconductors (DMS) which are regarded as important materials for spintronic and photonic devices. * E-mail: ppotera@univ.rzeszow.pl
The research on ternary ZnCoO semiconductors has been greatly stimulated by the high Curie temperature for the ferromagnetic transition existing in bulk materials and found to be around 300 K [21] . As a consequence, ZnCoO could be a good candidate for practical applications in advanced spintronic devices.
The doped ZnO thin films have also applications as transparent conductors because they have low resistivity and good optical gap energy at low temperature and are transparent in visible region. There are many reports on ZnO thin films doped with different elements (Co, Al, V, Ga, Mg, Li, P, N, Ni, and In) [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . ZnCoO films have been extensively studied in last years [31] [32] [33] [34] because they exhibit high mobility, good optical transparency, good electrical conductivity, and can be produced at lower material cost. For better using various devices, optical properties of ZnCoO DMS have been a focus of study, for example in [35] [36] [37] [38] [39] .
It was shown that the transmission spectra and optical band gap energy of pure ZnO layers strongly depend on growth conditions as well as post-growth treatment [12, 16, 18, 20] . In this work, a study of optical properties of ZnCoO thin films obtained by PLD method on sapphire or glass substrates before and after annealing have been studied. 
Experimental
The ZnCoO thin films on the sapphire substrate were obtained by PLD method in Drohobych State University by using KWO 4 The detailed information about the samples is given in Table 1 .
The ZnCoO layers on glass substrate were obtained by PLD using of Modular Platform PREVAC in Rzeszow University. Thin films were deposited on microscope glass substrates (25 mm × 25 mm × 0.1 mm). The distance between the source and substrate was 2.6 cm. The YAG:Nd laser beam (second harmonic 532 nm) was focused on the target using a quartz lens with a focal distance of 600 mm. The 6 ns pulse time, and 16 J/cm 2 fluence were used. The pressure during deposition was maintained at 1.16 × 10 −6 Pa. Sputtering was done for 20 minutes ( Table 1 ).
The transmission spectra of the thin films were recorded by CARY 5000 spectrophotometer. Additionally, the samples were isochronously annealed in air (NABERTHERM LH04 furnace) at different temperatures (Table 1) . After each annealing step (after cooling the sample) the transmission spectra were recorded.
Results and discussion
The transmissions spectra of the as-grown ZnCoO layers are given in Fig. 1 .
The transmission spectra of the investigated samples strongly depend on growth conditions, target composition and substrate used. The samples No. 1 and 2 were grown at room temperature on sapphire substrate from a target with different Co content. The transmission of the sample obtained for 20 % Co content in the target is higher than that obtained for the target with 4 % Co content. The samples No. 3 to 5 were deposited on the glass substrates with higher temperatures (200°C, 250°C, 300°C) from the target with 20 % Co content. [37, 40] (which replaces Zn 2+ cations) were observed ( Fig. 1) , which suggests superior crystalline structure of this sample than of other samples.
The absorption edge of the investigated samples ( Fig. 2) can be approximated by Tauc relation [41] :
where Eg is the optical band gap, h is the Planck constant, ν is the frequency of incident photons, B is a constant, and γ is the index, which can have different values (2, 3, 1/2 and 1/3) corresponding to indirect allowed, indirect forbidden, direct allowed and direct forbidden transitions, respectively. In our case, the approximation with γ = 1/2 was satisfactory for all samples, which corresponds to the direct allowed transitions observed earlier for pure ZnO layers [18] .
For the direct transition, the optical band gap energy of the films was determined using the transformed equation 1: Fig. 2 shows a graph (αhν) 2 versus photon energy, allowing us to assess the value of the energy gap with a sharp absorption edge using linear approximation. The obtained values of E g are given in Table 2 . The values of E g given in literature are 3.55 eV for a film deposited on a glass substrate and 3.3 eV to 3.8 eV for a film deposited on sapphire [32, 39, 40] .
In the literature [12] it was shown that an increase in the optical energy gap with an increase of deposition temperature takes place in pure ZnO. This effect can partially explain the difference between the values of E g for the samples. This increase in the energy gap is consistent with the considerable shift in Burstein electron density [12] . Unfortunately, sample 4 was obtained at a temperature higher than sample 3 but its energy gap is smaller. In the literature [40] it was shown, that the energy gap of ZnCoO increases with increasing cobalt concentration in the layer. This effect could be responsible for the differences in E g values for samples No. 3 to 5 deposited on the same substrate with the same thickness.
The annealing of the sample No. 1 in air leads to the growth of transmission of this sample (Fig. 3) . The transmission value strongly depends on temperature of annealing. (Fig. 3) as well as sample No. 2 at temperature of 500°C (Fig. 4) caused a radical increase of the average transmission value. The small transmittance of the samples which were grown at low substrate temperature can be due to the presence of Zn particles together with ZnO in the layers. The post-growth annealing can lead to oxidation of Zn and producing of the ZnO particles. This mechanism can also explain the significant change of E g after heating. We also note that the fine-polycrystalline structure of our samples was found before heating. After annealing, the coarsegrained polycrystalline structure was detected by TEM method. Such changes can partially affect the increase in the transmission [20] .
For annealing at the temperatures of 300°C and 400°C, a strong shift of absorption edge to the short wavelengths was observed for sample No. 1 in comparison to the no annealing state and the sample annealed at 200°C. So, we can state that annealing strongly affected the value of optical energy gap of the layers (Table 3 ). The same remark concerns the sample No. 2. We note, that transmission of this sample practically has not changed after the growth of annealing temperatures from 500°C to 700°C (Fig. 4) . The growth of transmission after annealing in air was also observed for other ZnCoO samples (Fig. 5 to Fig. 7) . The increase of the transmission after annealing in air has already been observed for ZnO layers [12, 20] . We note, that Nadarajah et al. [20] showed that transmission of ZnO films increases with annealing temperatures due to the increase in grain size, structural homogeneity, and crystallinity. In our earlier work [12] we postulated that the increase in the optical transmission of ZnO layers after annealing in air can be associated with a decrease in oxygen defects. For sample No. 3, the annealing in air practically has not influenced the optical energy gap. After each step of annealing, the E g only slightly increased (Table 4) . For determination of activation energy E a for absorption changes during annealing process, the dependencies of transmittance T at 800 nm as a function of annealing temperature T an in Arhenius coordinates were drawn.
In Fig. 7 an example approximation is presented. The linearization was performed using equation: where k is the Boltzmann constant, E a is an activation energy, B is a constant.
Equation 3 is a linear function of the type y(x) = ax + b, where y = ln(T), x = 1000/T an and a = −E a /(1000k). The approximation of the experimental data has been performed using Microcal Origin 6.0. In this way, E a is given as E a = −1000 k·a. The values of activation energy E a are given in Table 5 .
Conclusions
The growth conditions as well as target composition strongly affect the transmission spectra at 800 nm versus temperature in Arheniuss coordinates. of ZnCoO layers and optical band gap energy of this material. The layers obtained at room temperature are poorly permeable, but for samples obtained at higher temperatures (200°C to 300°C) a rather high transmittance was observed. The postgrowth annealing in air resulted in an increase in the optical transmission for all investigated samples. Particularly high growth was observed for the samples obtained at room temperature. We also showed that the E g value depends on the growth conditions and post-growth annealing.
